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Abstract: Protein disulfide isomerase (PDI) and PDI-like genes encode key foldase enzymes that play an important role in disulfide
bond formation, isomerization, and many other metabolic functions in plants. Our previous results indicate that the PDI-V expression
is tissue-specific and that it is upregulated by powdery mildew and other abiotic stress treatments. In the current study, the complete
PDI-V gene and its promoter sequence were cloned to identify gene structure and the important cis-regulating motifs responsible for
various genes’ activities. Sequence analysis revealed the size of the cloned genomic sequence and promoter region as 5728 bp and 2086
bp, respectively. The PDI-V gene had nine exons and eight introns; this showed a highly conserved gene structure with that of wheat
TaPDIL-5 in terms of exon size and number of exons/introns. The phylogenetic analysis of PDI-V with orthologue sequences from the
A, B, and D genome of wheat, barley, and rice clearly demonstrated that the gene was highly conserved across the grass family. In silico
analysis of the PDI-V promoter revealed a large number of elements responsible for endosperm or embryo specific expression, and for
defense or stress responses against pathogens including fungi and other abiotic stresses such as high or low temperature and drought.
Transient expression of the GUS gene in wheat leaf epidermal cells under the control of PDI-V promoter proved its functionality.
However, no significant variation was observed in the number of epidermal cells having GUS activity between powdery mildew
inoculated and noninoculated wheat leaves, which suggests that the 5′-untranslated region may also play a critical role in promoter
activity. This point requires further exploration.
Key words: Haynaldia villosa, protein disulfide isomerase, cloning, promoter, in silico analysis

1. Introduction
Haynalida villosa (L.) Schur (syn. Dasypyrum villosum L.
(2n = 2x = 14, VV) is a wild annual diploid grass (Family
Poaceae) belonging to the tribe Triticeae and is native
to the Mediterranean region and southwestern Asia (Li
et al., 2007). It is a member of the tertiary gene pool of
bread wheat (Triticum aestivum L.) and is recognized as
a potentially useful species for genetic improvement of
wheat (Zhang et al., 2010). Many genes from H. villosa have
been identified that are effective against biotic and abiotic
stresses like rusts (Jan et al., 1986), powdery mildew (Chen
et al., 1995), wheat spindle streak mosaic virus (Zhang et
al., 2005), and drought (Sears, 1953).
Protein disulfide isomerase (PDI; EC 5.3.4.1), a foldase
enzyme residing in the lumen of the endoplasmic reticulum
(ER), has a catalytic or chaperon role in the formation of
new disulfide bonds, isomerization, and correction of
misfolded proteins (Wilkinson and Gilbert, 2004). The
* Correspondence: xiuew@njau.edu.cn

classical PDI is a homodimer of about 57 kDa that belongs
to the thioredoxin (TRX) protein family (Freedman et al.,
1994). Proteolysis studies in animals as well as in plants
show that it has five domains: a, b, b’, a’, and c, of which
a and a’ are homologous to TRX, containing a catalytic
site for isomerase and redox activities consisting of a CysGly-His-Cys (CGHC) amino acid sequence (Darby et al.,
1996; Kemmink et al., 1997). The middle two domains, b
and b’, have a similar homology to TRX in their secondary
structure, but lack active sites. The last c domain at the
C-terminus has rich acid residues and harbors the KDEL
signal for ER retention (Denecke et al., 1992; Lucero and
Kaminer, 1999).
The function of PDIs has been well understood in
animals and humans; similar efforts have been made in
plants to explore their structure and function. Ciaffi et al.
(2001) characterized the wheat (T. durum) PDI and report
ample similarity to human PDI in terms of number, size,
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location, and secondary structure of the PDI domain.
Studies regarding genomic and promoter sequences in
wheat reveal that classical PDI, located on the homeologous
group 4, are of the same genomic size (3561 bp of 4A, 3527
bp of 4B, and 3466 bp of 4D) and show high conservation
of the coding region and of the exon–intron structure
(Ciaffi et al., 1999, 2006). All these three wheat orthologue
genes have ten exons, of which 94%–100% are identical.
However, as expected, the similarity among introns is
lower (89%–91%). Moreover, the PDI gene sequence of
wheat B and D genomes has the closest similarity (94.5%),
as compared to the A genome sequence, which has 92%
similarity with both B and D genomic sequences (Ciaffi
et al., 2006). The PDI gene in Ae. tauschii, the diploid
progenitor of the D genome, shows 99.7% similarity
to that of the PDI sequence of wheat’s D genome. The
same study reports the high conservation of PDI gene
structure and nucleotide sequences of T. turgidum, with
their counterparts in common wheat rather than between
themselves (Johnson and Bhave, 2004). Recently, d’Aloisio
et al. (2010) comprehensively characterized the complete
set of nine PDI and PDI-like (PDIL) genes in bread wheat.
A similar study conducted in Brachypodium distachyon
reports 11 PDI or PDIL genes (Zhu et al., 2014).
Wheat and its wild relative PDI promoter sequences
show close similarity to their structure and regulatory
motifs (Dhanapal et al., 2011; Dhanapal and Porceddu,
2013b). The promoter regions of three typical wheat
PDI genes from 4A, 4B, and 4D exhibit an overall 89%
similarity among themselves and are composed of 1352 bp,
1370 bp, and 1292 bp, respectively. Greater conservation
in the sequence is observed in the region proximal to
the coding sequence, which decreases progressively with
movement towards the distal end of the promoters (Ciaffi
et al., 2006). In the case of T. urartu, Ae. speltoides, and Ae.
tauschii, the length of the cloned promoter region is 1334
bp, 1332 bp, and 1332 bp, respectively; moreover, they
shared 92.38% similarity. Phylogenic analysis between
these promoters and promoters from wheat genomes
suggests a greater similarity between the regions in their
respective counterparts (Dhanapal et al., 2011; Dhanapal
and Porceddu, 2013a). Furthermore, many conserved
regulatory motifs are also found in the promoter sequences
of wheat PDIs and its wild relatives. For instance, in the
promoters of wheat PDI genes from 4A, 4B, and 4D the
locations of the TATA-box and other CAAT boxes are
similar (Ciaffi et al., 2006). Similar findings have been noted
in T. urartu, Ae. speltoides, and Ae. tauschii as reported by
Dhanapal and Porceddu (2013a). In addition, a number
of different cis-acting conserved regulatory elements like
AACA, GCN4, prolamin box, RY element, and Skn-1,
which are involved in the regulation of endosperm-specific
genes, are similarly common in the promoters of wheat
and its wild relatives (Dhanapal and Porceddu, 2013b).
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As far as the function of PDI is concerned, it is mostly
involved in the folding of plant secretory proteins and
particularly in the formation of endosperm protein bodies
(Ciaffi et al., 2001, 2006) as revealed by the regulating
motif found in the promoter region. However, in many
cereals, PDI or PDIL genes are also expressed in response
to different biotic and abiotic stresses. For instance, maize
PDIs are involved in elevating dehydration, salt, abscisic
acid, and cold stress (Liu et al., 2009). Expression analysis
has shown that under drought, heat, and cold stress,
transcription levels of wheat TaPDI1, TaPDI2, and TaPDI3
are much higher in roots and other tissues (Chauhan et
al., 2011). Moreover, Ray et al. (2003) reported rapid
induction of TaPDI along with pathogenesis-related (PR)
genes in response to the fungal pathogen Mycosphaerella
graminicoala. It is noteworthy that all these functions
prove the presence of some unique cis-regulating motifs
that must be present in the promoter regions of these
PDIs to cause them to act differently in addition to their
prescribed function.
The present study was designed to clone the genomic
and the putative promoter sequence of PDI-V from H.
villosa. It also reports the relationship between wheat and H.
villosa PDI, makes a detailed analysis of regulatory motifs
found in the promoter region, and provides a functional
analysis of the PDI-V promoter using β-glucuronidase
(GUS) as a reporter gene.
2. Materials and methods
2.1. Plant material and DNA extraction
Seeds of H. villosa (Accession number 91C43) and the
wheat cultivar Nannong 9918 were sown in a growth
chamber and the seedlings were allowed to grow to the
two-to-three–leaf stage under controlled conditions of
16 h light and 8 h dark at 25°C temperature. DNA was
extracted from 5 g of H. villosa young leaves using the
CTAB method (Faheem et al., 2015).
2.2. Primer design and PCR amplification
To amplify the complete PDI-V gene sequence, a primer
pair (PDI-V-F1 and PDI-V-R1) was designed from the
known cDNA sequence of PDI-V. To search the putative
promoter region of PDI-V, the complete ORF of PDI-V
was aligned with the available A-, B-, and D-genome
sequence database of the wheat cultivar Chinese Spring.
The 3-kb upstream sequence from Ae. tauschii was selected
to design five forward primers (PDI-V-F2 to PDI-V-F6)
from different sequence locations covering a region of >2
kb, while the only reverse primer (PDI-V-R2) was located
in the first exon of PDI-V. The list of all primers used in the
study is given in Table 1.
PCR was performed in 25 µL using 1X Taq DNA
polymerase buffer, 0.8 mM MgCl2, 0.8 mM dNTPs, 0.2 µM
of each primer, 2 units of LA–Taq polymerase, and 50 ng
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Table 1. List of primers used for isolation of PDI-V genomic gene and PromoPDI-V.
Purpose

Primer

Forward (5´→3´)

Reverse (5´→3´)

PDI-V genomic
sequence

PDI-V-F1

ATGCGTCCGGCCATCCTCGC

PDI-V-R1
Promoter
PromoPDI-V

CCAATTTCTTGCAGTGCCCA

PDI-V-F2

TTCAGCGTGAATTTGAAAAA

PDI-V-F3

ACGCGCTTCCTGACTAAAAA

PDI-V-F4

TGCTTCATGCAGAAAAGCAC

PDI-V-F5

CCTGGGCAAGCACAGACTAT

PDI-V-F6

ACAACCGGACACAAAATGGT

PDI-V-R2
Construction of
PPDI-V: GUS vector

CTTGAAGTTGCTGGGGCTTA
ACATGCATGCACGCGCTTCCTGACTAAAAA CGGGATCCGGCGTCGTCGAGAAGCTT

of genomic DNA as the template. To amplify the PDI-V
gene sequence, the PCR was programmed at 95 °C for 5
min, followed by 45 cycles of 94 °C for 30 s, 59 °C for 50 s,
and 72 °C for 4 min, and a final extension for 10 min at 72
°C. For promoter amplification, PCR conditions included
an initial denaturation at 94 °C for 5 min and then 40
cycles (94 °C for 30 s, 57 °C for 45 s, and 72 °C for 2 min),
followed by a final elongation at 72 °C for 10 min.
2.3. Cloning and sequencing
The amplified fragments were separated on 1% agarose
gel; the expected amplicons were excised from the gel and
purified using an Axygen gel extraction kit (Shanghai,
China) according to the manufacturer’s instructions.
Cleaned amplicons were cloned into the pGEM-T easy
plasmid vector (Promega) and transformed into the E.
coli strain DH5α. Three positive clones of each genomic
sequence and of the promoter were sequenced using
an ABI PRISM 377 capillary sequencer (GENEWIZ
sequencing company, Shanghai, China) by using vector
specific and sequence-specific primers.
2.4. In silico analysis
A BLAST search was performed for the cloned gene
sequence in the NCBI database (http://blast.ncbi.
nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome) to detect the
presence of the putative protein domain. After confirming
that the sequence had the desired protein domain, the
NCBI online tool Splin (http://www.ncbi.nlm.nih.gov/
sutils/splign/splign.cgi) was used to align the cDNA and
gDNA sequences to detect the gene structure and the
number of introns and exons. For homology analysis, a
search was made for the genomic gene sequence of PDI-V
in the sequence data base of three wheat genomes (A, B, and

D), barley (http://plants.ensembl.org/Hordeum_vulgare/
Info/Index), and rice (http://rice.plantbiology.msu.edu/
osa1.shtml). The orthologue sequences were retrieved and
multiple aligned using the ClustalX program v 2.011. The
resulting matrix was used to construct a phylogenetic tree
bootstrapped 1000 times by using the neighbor-joining
method with MEGA v.4 software.
To examine promoter analysis, the sequence was
searched for cis-regulatory elements in two plant promoter
databases: PlantCARE (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) and PLACE (http://www.
dna.affrc.go.jp/htdocs/PLACE/).
The gene and promoter nucleotide sequence data of
PDI-V were submitted to the NCBI GenBank database
under the accession number KT002005.
2.5. Functional analysis of the promoter region in
response to powdery mildew
To obtain a better understanding of the functional aspects
of the PDI-V promoter in response to infection caused
by Bgt attack, a full-length promoter region containing
eight regulatory elements for pathogenesis was assessed.
Specific PCR primer pairs (Table 1) were used to amplify
the PDI-V promoter without 5′-UTR, and cloned into the
GUS expression vector pWMB002 using SphI and BamHI
restriction sites to replace the maize Ubiquitin promoter
(PUbi). The resultant construct (PPDI-V:GUS) along with
the negative control (pWMB002 without PUbi; 00:GUS)
and positive control (pWMB002 with PUbi; PUbi:GUS)
were transiently overexpressed in the epidermal cells of
wheat (cultivar Nannong 9918) leaf blades using the gene
gun method as described by Schweizer et al. (1999). Half
of the bombarded leaves from each treatment (PPDIV:GUS, PUbi:GUS, and 00:GUS) were inoculated with
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fresh spores of Bgt after 4 h, while the remaining half
remained uninoculated. All the leaf segments were then
placed in a growth chamber for 24 h with a 16 h light/8 h
dark cycle at 24 °C with a minimum humidity of 70% for
proper Bgt growth. Subsequently, the leaf segments were
histochemically stained for GUS expression by infiltrating
15 mL of GUS staining solution [0.1 M Na2HPO4/
NaH2PO4; pH 7.0, 10 mM Na-EDTA, 5 mM concentrations
of potassium hexacyanoferrate (II) and potassium
hexacyanoferrate (III), 1 mg/mL 5-bromo-4-chloro-3indoxyl-b-D-glucuronic acid, cyclohexylammonium salt
(X-Gluc), 0.1% Triton X-100, and 20% methanol] under
vacuum for 15 min, and this was repeated three times.
The infiltrated leaves were incubated at 37 °C for 24–36
h for the staining of GUS-expressed cells. To remove the
chlorophyll, the leaf blades were incubated in 95% ethanol
for 24 h at 37 °C. The solution was renewed every 12 h.
Thereafter, leaves were washed once with 70% ethanol
and stored in the same solution until further use. Before
histological observation, Bgt inoculated leaves were also
stained with 1% Coomassie brilliant blue to observe the
Bgt spores. Promoter activity from each treatment was
analyzed by counting the number of visible GUS-stained
epidermal cells using a light microscope (Olympus, Japan).

The least significance difference (LSD) test was used to
analyze the promoter activity of treatments from the mean
data of three biological replicates.
3. Results
3.1. Gene and promoter sequences of PDI-V
A primer pair (PDI-V-F1 and R1) was used to amplify the
complete gene sequence of PDI-V from H. villosa. Two
independent PCR reactions with the same primer pair
amplified a single identical amplicon of about 5.7 kb (Figure
1A). The amplicon was recovered from the gel, cloned into
the pGEM-T vector, and sequenced. A search of the NCBI
database using BLASTN as well as BLASTX tools showed
that the exact length of the amplicon was 5728 bp and that
it belonged to the PDI-family (Thioredoxin).
The promoter region of PDI-V was amplified by using
five different forward primers paired with only one reverse
primer that was located in the first exon of PDI-V. Analysis
of the PCR product showed that only one primer pair
(PDI-V-F3 and R2; Table 1) could amplify the expected
>2 kb sequence (Figure 1B), while the rest of the primer
pairs either could not produce the expected amplicon
or no product was observed. To check the specificity
of the primer, two independent biological repeats were

Figure 1. Polymerase chain reaction (PCR) analysis of PDI-V genomic sequence (A), promoter region (B), and schematic
presentation of PDI-V gene structure (C). In Figures 1A and 1B, the arrows on the left show the top two bands of DNA
marker (M) DL5kb and DL2kb, respectively, while arrows on the right of these images represent the size of amplification
products. In Figure 1C, exons are indicated by open pink boxes, introns by gray boxes, and the number represents their
respective size (bp); the position of a signal peptide (SP), thioredoxin catalytic sites (CGHC), and NDEL signals for
endoplasmic reticulum (ER) retention are also mentioned.
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conducted. The resulting single unique amplicon was
excised from the gel and cloned as described previously
before sequencing. Alignment of the complete 2214 bp
amplicon sequence with that of PDI-V ORF revealed the
presence of a 2086 bp putative promoter region upstream
of the translation start codon (ATG).
3.2. Gene structure of PDI-V and phylogenetic analysis
To confirm that the 5728 bp genomic sequence was the
complete gene, we aligned it with the corresponding
PDI-V cDNA sequence using the NCBI online tool “Splin”.
Complete alignment between these two sequences proved
that the genomic sequence of PDI-V consisted of 5728
bp with nine exons and eight introns. The total intronic
region of PDI-V was composed of 4.4 kb, in which the last
(eighth) intron was the smallest in size (88 bp), while the
second intron was the largest (1420 bp; Figure 1C). Almost
all the PDIs reported in wheat also have large intron regions
(d’Aloisio et al., 2010). For example, the typical wheat
PDI located in homeologous group 4 has a 3.5-kb intron
sequence and a 1.6-kb exon sequence (Ciaffi et al., 2001).
Among the nine PDI-V exons, the fourth was the longest
(185 bp) while the fifth was the smallest (100 bp; Figure
1C). Detailed analysis of exons revealed that the 66 bp of
the first exon encodes a putative signal peptide of about 22
amino acids, while the conserved motif (CGHC) targeting
the formation of disulfide bonds or other PDI activities
for a domain was present in the second exon, starting
from the 169 bp position. However, the second conserved
thioredoxin active motif (CGHC) was positioned in
the fifth exon and started from 580 bp. Moreover, gene
sequence coding a modified signal of NDEL amino acids
for the retention of protein in endoplasmic reticulum was
found in the last exon at the 3′-UTR end.
To predict the PDI-V gene family, a search was
performed on the complete genomic sequence in the NCBI
nucleotide database with T. aestivum as the target species.

The results showed that PDI-V had the greatest homology
with TaPDIL-5 (wheat PDI subfamily five); this also
had nine exons and eight introns. However, their intron
regions exhibited a greater size range than the exons. With
the exception of the sixth intron of PDI-V, all other introns
were longer in size, while the exons were highly conserved;
this was most probably because of a strong relationship
between domain organization of the encoded proteins and
the genomic structure of the corresponding genes.
The phylogenetic analysis of PDI-V with orthologue
sequences from the A-, B-, and D- genomes of wheat,
barley, and rice clearly demonstrated that it was highly
conserved across the grass family. The maximum similarity
was found with the D-genome (95%) of bread wheat, while
the least similarity was found with rice PDI (Figure 2). The
similarity of PDI-V with that of the three wheat genomes
suggests a common origin as well as the conservation of
PDI with these wild relatives throughout evolution. It is
also noteworthy that the orthologue sequences of PDI-V
from all the three genomes of wheat and barley, located in
the long arm of the group 5 homoeologous chromosomes.
In rice, it was located in rice chromosome 9 (Figure
2), which is syntenic to wheat group 5 homoeologous
chromosomes (La Rota and Sorrells, 2004).
3.3. Phylogenetic analysis of the sequence of promoter
PromoPDI-V
Promoter sequences for three PDI genes (PDI-4A, PDI-4B,
and PDI-4D) (Ciaffi et al., 2006) of wheat cv. Chinese Spring
and their orthologue sequences from wheat progenitors
T. urartu, Ae. speltoides, and Ae. tauschii (Dhanapal and
Porceddu, 2013b) were used to investigate the evolutionary
linkage with PromoPDI-V. It was found that the promoter
from each genome of wheat was closely conserved with that
of its respective diploid species; however, PromoPDI-V was
clustered separately (Figure 3A). The alignment of all these
promoter sequences further showed that the PromoPDI-V

Figure 2. Phylogenetic tree showing the relationship between the genomic gene
sequence of PDI-V and its orthologue genes in wheat, rice, and barley. Chromosomal
position of orthologue genes and percentage homology with PDI-V is also shown.
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Figure 3. Phylogenetic tree (A) and sequence alignment (B) of the genomic gene sequence for PDI-V and its orthologue genes.

had far less similarity than for any of the promoters of
wheat or the diploid species (Figure 3B). The maximum
sequence identity was found with the Ae. speltoides
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promoter (26.23%). These nucleotide sequence differences
were due to a large number of nucleotide substitutions,
short/large insertions, and deletions.
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3.4. In silico analysis of cis-regulatory motifs in
PromoPDI-V
In silico analysis of the PromoPDI-V sequence in
PlantCARE, a database of plant cis-regulatory elements,
and PLACE (Higo et al., 1998) revealed a large number of
elements not only responsible for endosperm and embryospecific expression, but also involved in defense or stress
responses for pathogens and other abiotic stresses, such
as high temperature and drought. The sequence analysis
also detected a TATA-box at –258 bp from the start
codon (ATG; Table 2). Based on the eukaryotic consensus
sequence (PyAPyPy), 25–30 bp downstream from the
TATA box was predicted as the most probable location of
the transcription start site (TSS), which was at the distance
of –228 bp from the start codon.
Among the cis-acting regulatory elements found in
PromoPDI-V, three fungal elicitor motifs named W-Box
were present on both (+) and (–) strands at a position of
–808 bp, –1111 bp, and –791 bp, respectively. Another very
important regulatory motif ELRECOREPCRP1 (Elicitor
Responsive Element core of parsley PR1), involved in
defense towards many pathogens that work closely with
W-Box and the pathogenesis-related (PR1) gene, was
found at a distance of –1394 bp and –1697 bp on the (–)
strand and –1377 bp away on the (+) strand. Similarly,
the TCA-Elements responsible for salicylic acid’s (SA)
inducement of the PR1 gene against plant pathogens were
found on both the (+) and (–) strands. A silencing element
binding factor (SEBF), which regulates the expression of
PR10a, was also predicted on the (–) strand at a distance of
–1561 bp from the start codon. In addition, a homologue
sequence for TC-Rich repeats, reported in Nicotiana
tobaccum, that acts in the defense response to biotic stress
was found on the (–) strand at a position of –595 bp.
Two motifs for MeJA responsiveness (TGACG motif and
CGTCA motif) and one cis-regulating motif for ethylene
were also annotated in PromoPDI-V (Table 2).
Detailed analysis of the PromoPDI-V also revealed the
presence of some key regulating motifs for abiotic stress
(Table 2). For example, two regulating elements for heat
stress tolerance named heat shock element (HSE) and
CCAATBOX1 were found on both strands of the promoter.
In plants, the CCAAT box sequence acts cooperatively
with HSE to increase its promoter activity during heat
stress (Rieping and Schöffl, 1992). LTRE, which plays a
vital role in response to low temperature in cereals (Dunn
et al., 1998), was found in the PromoPDI-V at a distance
of –392 bp from the initiation codon on the (+) strand.
An MBS motif, which provides the binding site to the
MYB transcription factor during drought conditions, was
located on the (+) strand at a distance of –1260 bp. A total of
eight regulatory motifs (3-AF1 Binding Site, ACE, AE box,
BoxI, G box, GATA box, TCT motif, and 10PEHVPSBD)

involved in the regulation of light responses in plants
were found in the PromoPDI-V (Table 2). Among these,
motif 3-AF1, GATA box, and G box motifs are considered
the molecular light switches of plants (Gilmartin et al.,
1990). In addition, several conserved cis-regulation motifs
of PDI gene families (such as AMYBOX, -300Element,
Skn-1 motif, and RY repeat) involved in the regulation of
endosperm-specific genes were found in the PromoPDI-V.
Nineteen CAAT box motifs were found on different
strands (+ and –) for enhancing the promoter activities of
endosperm and tissue specific expression (Table 2). These
findings are consistent with the higher PDI expression in
developing caryopses than in other tissues (Ciaffi et al.,
2001).
3.5. Activity analysis of PromoPDI-V
To elucidate the regulatory mechanisms governed by the
PDI-V gene, the 1858 bp full-length PromoPDI-V was
fused with the GUS reporter gene in a plant expression
vector and transiently overexpressed in the epidermal cells
of the wheat cultivar Nannong 9918 using the biolistic
bombardment approach. Histochemical observations
revealed that PPDI-V:GUS clearly induced the expression
of GUS as that of PUbi:GU; however, 00:GUS could not
produce the GUS stained phenotype in any epidermal cells
(Figure 4). The results showed that from a specific area (8 cm
× 2 cm) of Bgt inoculated and noninoculated leaf segments
an average of 117.8 and 110.3 GUS stained epidermal cells
were counted from the leaves expressing GUS under the
control of the maize Ubi promoter, respectively. However,
under the control of PromoPDI-V, the counts of cells
showing GUS activity in Bgt inoculated and noninoculated
leaf segments were 23.1 and 21.4, respectively. On the other
hand, no GUS stained cells were observed in the negative
vector (00:GUS; Table 3). These findings demonstrated the
activity of PromoPDI-V, as significantly higher numbers
of GUS cells were observed for PPDI-V:GUS treated leaves
than with the negative vector (00:GUS; Table 3). The data
also showed that PromoPDI-V mediated GUS activity did
not vary significantly upon Bgt inoculation. Moreover, the
number of GUS stained cells was significantly lower in
PPDI-V:GUS than in Pubi:GUS, owing to the very strong
activity of the maize Ubi promoter. Taken together, these
results provided preliminary authentication on the activity
of PromoPDI-V, which needs to be explored further using
the deletion mutation strategy.
4. Discussion
PDI and PDI-like genes encode key foldase enzymes
that play important roles in disulfide bond formation,
isomerization, and many other multiple metabolic
functions in plants (Wilkinson and Gilbert, 2004). Recent
studies in plants have explored the diverse functions of
PDIs along with their conventional roles of processing seed
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Table 2. Key regulatory motifs found within the promoter sequence of H. villosa.
Regulatory motif

Function

Strand

Position from
ATG (bp)

W-Box

Elicitation; wounding and pathogen responsiveness.
Binds WRKY type transcription factors

–

–791

+

–808, –1111

TC-Rich Repeats

Cis-acting element involved in defense
and stress responsiveness

–

–595

ELRECOREPCRP1

Elicitor responsive element associated with PR1,
WRKY1, and W-Box

+

–1394, –1697

–

–1377

SEBFCONSSTPR10A

Silencing element binding factor (SEBF)
gene found in promoter of
pathogenesis-related gene (PR-10a)

–

–1561

YTGTCWC

ABRE

Cis-acting element involved in the abscisic acid
responsiveness

+

–902, –1079,
–1336, –1333,
–1335

CCTACGTGGC

TCA Elements

Element involved in salicylic acid responsiveness

+

–17

–

–588

TGACG Motif

Cis-acting regulatory element involved in the
MeJA-responsiveness

+

–1434

TGACG

CGTCA Motif

Cis-acting regulatory element involved in the
MeJA-responsiveness

–

–1434

CGTCA

ERE

Ethylene-responsive element

–

–819

ATTTCAAA

Pyrimidine Box

Cis-acting regulatory element involved
in GA induction

–

–1182

TTTTTTCC

MBS

MYB binding site involved in drought-inducibility

+

–1260

CAACTG

LTRE1

Low-temperature-responsive element in barley

+

–392

CCGAAA

HSE

Cis-acting element involved in heat stress
responsiveness

+

–643

AAAAAATTTC

CCAATBOX1

Act cooperatively with heat stress elements

+

–1886

–

–561, –1954

AMYBOX1

Conserved sequence found in 5’-upstream region of
alpha-amylase gene of cereals

–

–680

TAACARA

-300Element

Enhancer element for the endosperm-specific
expression of high molecular weight glutenin

+

–702,–711,
–1021, –1075,

TGHAAARK

–

–607

Consensus sequence
TTGACC

ATTTTCTCCA

TTGACC

CCATCTTTTT

CCAAT

Skn-1 Motif

Cis-acting regulatory element required for
endosperm expression

+

–727

GTCAT

RY Repeat

Cis-acting element for seed specific expression of
proteins in legumes and cereals

+

–861, –1512

CATGCAY
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Table 2. (Continued).
3-AF1 Binding Site

+

–891

AAGAGATATTT

ACE

+

–1353

ACGTGGA

AE Box

–

–439

AGAAACTT

BoxI

–

–819

TTTCAAA

–

–1352

CACGTC

GATA Box

–

–512

AAGATAAGATT

TCT Motif

+

–1021

TCTTAC

10PEHVPSBD

+

–667

TATTCT

TATA box

+

–258

TTTAAAAA

G Box

Light responsive element

Strand +
(Number of motifs)
CAAT box

Strand –
(Number of motifs)

Cis-acting elements in promoter and enhancer regions 10

Figure 4. Functional analysis of PDI-V PromoPDI-V. Histochemical staining of b-glucuronidase (GUS) activity in wheat
leaves transiently expressed in the leaf epidermis using the particle bombardment method. GUS expression under maize
ubiquitin promoter (a, d); PDI-V promoter (b, e) and in the absence of the Ubi promoter (c, f). Panels (g, j), (h, k), and (i, l)
represent GUS expression controlled by the maize Ubi promoter, PDI-V promoter, and negative vector, respectively, when
challenged with Bgt. Enlarged views of marked red boxes in lanes 1 and 3 (scale bar = 50 µm) are shown in lanes 2 and 4.
Scale bar = 20 µm.

storage or other secretory proteins (Dhanapal et al., 2011;
Gupta and Tuteja, 2011). The present study was based
on our previous research with H. villosa PDI-V, which
addresses powdery mildew resistance and sensitivity to
various abiotic stresses.
In the current study, we reported the cloning of the
complete PDI-V gene and its putative promoter sequence.
The results showed that the complete gene sequence was 5.7
kb long and composed of approximately 4.4 kb of introns
and 1.3 kb of exons. These findings are in accordance with
other reported PDIs from wheat (d’Aloisio et al., 2010), rice
(Wu et al., 2012), and B. distachyon (Zhu et al., 2014), which
contain longer noncoding regions than coding regions.

Alignment of the genomic gene sequence of PDI-V with
that of the cDNA sequence using Splin software revealed
the presence of 9 exons and 8 introns. Further, in silico
analysis depicted the presence of sequences encoding
signal peptides, two thioredoxin active sites (CGHC), and
the ER retention signal (NDEL) at the position of 169 bp,
580 bp, and 5713 bp, respectively. Significant homology
between PDI-V and wheat TaPDIL-5 with regard to gene
size, number of exons and introns, their position, and the
presence of highly conserved coding nucleotide sequences
proved the gene structure of the former. d’Aloisio et al.
(2010) classified all PDI and PDI-like genes of wheat into
eight subfamilies, among which TaPDIL-5 belongs to the
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Table 3. Assessment of PromoPDI-V activity.
Vector
PUbi:GUS
PPDI-V: GUS
00:GUS
x
y

Bgt inoculationx

Total number of
GUS stained cells

Number of GUS
stained cells / areay

+

162.0 a

117.8 a

–

161.5 a

110.3 a

+

35.5 b

23.1 b

–

33.0 b

21.4 b

+

00.0

00.0

–

00.0

00.0

+ and – indicate the Bgt inoculated and noninoculated leaf segment.
number of GUS stained cells counted from an area of 8 cm × 2 cm leaf segment.

fifth subfamily and is located on the homeologous group 5
chromosomes. PDI-V gene sequence homology across the
different genomes of wheat, barley, and rice also proved
the prediction that the PDI-V was on chromosome 5V of
H. villosa. The very high homology between the genomic
sequence of PDI-V and the D-genome of wheat reflects
evolutionary conservation during species development, as
both of these plants are native to the Mediterranean region.
Phylogenetic analysis of the PDI-V promoter region
with that of other orthologue sequences suggested much
less conservation among the species, including wheat.
This might be due to the fact that PDI-V was located on
chromosome 5V of H. villosa while the promoter sequence
used for analysis belonged to typical PDI genes located
on homoeologous group 4. Moreover, the length of the
PromoPDI-V sequence differed from that of previously
reported promoter sequences, which subsequently
decreased the similarity value.
The presence of several important cis-regulatory
motifs for pathogen defense and other abiotic stresses
in PromoPDI-V provided strong confirmation that
PDI-V may be involved in pathogen resistance. The most
important motifs found for the fungal elicitor were the
W-Box sequences, which were recognized by the WRKY
DNA binding proteins and triggered the promoter to
activate downstream NPR1 genes for plant pathogen
defense responses (Yu et al., 2001). In Arabidopsis and
many other plants, PR1 and NPR1 were upregulated upon
the pathogen attack through the enhanced biosynthesis
of SA (Cao et al., 1997; Ryals et al., 1997; Yu et al., 2001).
Interestingly, two key cis-regulatory motifs of the PR1 gene
(ELRECOREPCRP1) and SA (TCA-Element) were also
found in the PromoPDI-V. Furthermore, SEBF a silencing
element binding factor, which represses the activity of the
PR10a gene, also lies in the promoter. A previous study
on the PR10a promoter revealed the presence of silencing
elements between residues –52 bp and –27 bp that
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contribute to the transcriptional regulation for which SEBF
played a vital role (Boyle and Brisson, 2001). Regulatory
elements for heat stress (HSE and CCAAT box), low
temperature tolerance (LTRE), and drought (MBS) were
also predicted in the PromoPDI-V. This is in accordance
with the findings of some previous studies in cereals that
demonstrated that the PDI helps the plants to cope with
severe abiotic stresses (Lu and Christopher, 2008; Liu et al.,
2009). In soybean, HSE participates actively to regulate heat
shock genes; however, full activity of this promoter could
only be achieved when at least three enhancers (CCAAT
box) were present upstream. Therefore, it is proposed
that HSE and CCAAT box work in close collaboration to
properly regulate the respective genes during heat shock
(Rieping and Schöffl, 1992). It is noteworthy that both
of these motifs are present in PromoPDI-V. In barley,
the hexanucleotide sequence (CCGAAA) is located in
the LTRE promoter region and provides the binding site
of a low-mobility nuclear protein complex for proper
regulation of low temperature responsive genes (Dunn et
al., 1998). Several light responsive motifs were predicted in
PromoPDI-V, showing its involvement during the different
developmental metabolic processes as the light regulates
numerous developmental and metabolic processes
(Gilmartin et al., 1990). However, some core promoters
of light require different motifs for proper regulation. For
instance, ribulose-1,5-bisphosphate carboxylase oxygenase
(rbcS) shows enhanced activity for light response genes
when GT-1 boxes, G box, 3AF1, and AT-1 bind to its
specific sites (Giuliano et al., 1988; Datta and Cashmore,
1989; Gilmartin et al., 1990).
The presence of four regulating elements (AMYbox1,
-300Element, Skn-1, and RY repeat) in PromoPDI-V meant
for the regulation of endosperm-specific genes expression
provides sufficient evidence of conservation of PDI across
plant species (Ciaffi et al., 2001; Dhanapal et al., 2011;
Dhanapal and Porceddu, 2013a). Among these motifs,
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the –300 element has been reported in wheat and barley
to regulate the genes encoding high molecular weight
glutenin, which is expressed only during endosperm
development (Thomas and Flavell, 1990). In addition,
Skn-1 was also found in the promoter sequences of all
three wheat progenitors (Dhanapal et al., 2011; Dhanapal
and Porceddu, 2013b).
Our results showed the expression of the GUS
reporter gene in wheat epidermal cells under the control
of PromoPDI-V, which proved its activity. Further
characterization of the promoter region against powdery
mildew suggested that the PromoPDI-V was barely
active in response to Bgt. Our previous study showed the
upregulation of PDI-V expression upon Bgt infection and
its role in combating powdery mildew (Faheem et al.,
2016). Therefore, we may speculate on two possibilities for
the redundancy of PDI-V promoters against pathogens;
firstly, the function of 5′-UTR. In the current study, we
have not used the 5′-UTR region along with the promoter,
which may have influenced the regulatory responses.
Several studies in plants have proved the significance of
the 5′-UTR region in regulating the promoter region.
For instance, in wheat, 5′-UTR of heat shock protein
(TaHSP26) contributed significantly to heat-shock
inducibility (Khurana et al., 2013). Similarly, Karthikeyan
et al. (2009) proposed that the 5′-UTR intron is essential
for the Arabidopsis phosphate transporter 1:4 (AtPht1:4).
The second possibility is that the PDI-V is a protein
that interacts with the CMPG1-V (a positive regulator

of powdery mildew resistance) to assist the resistance
response against Bgt infection, and its expression increased
many-fold in the CMGP1-V overexpressed plants after Bgt
treatment (Faheem et al., 2016). Therefore, it is possible
that the CMPG1-V factor in turn binds with the regulating
motifs of the PDI-V promoter to regulate its expression or
to work in combination.
In conclusion, in this study the complete PDI-V
gene was cloned; it possessed 9 exons and 8 introns and
closely resembled wheat TaPDIL-5. In silico analysis of the
cloned putative promoter region showed that it possessed
some important regulatory motifs for biotic and abiotic
stresses along with some conserved motifs for seed protein
processing. Functional analysis proved the activity of the
PDI-V promoter, but its mechanism of action in response
to pathogen attack or in response to abiotic stresses needs
further investigation.
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